Abstract: Transmission properties of light through a plasmonic grating with multislits are investigated. The results show that sharp phase resonance (PR) and multiphase resonance (MPR) for each mode at multiple frequencies are achieved and effectively tailored only by adjusting the slight difference of the multislit widths; the values of the PR dips are almost zero. Based on the field distributions, Fabry-Pérot-resonant and phase-resonant mechanisms have been suggested for the physical origins of the observations qualitatively. In addition, we can realize the control of light spreading through an arbitrary slit; a multichannel selector is modeled and described. Compared with the conventional plasmonic compound grating, this multislit grating with different slit widths has obvious advantages, such as simple structure, single material composition, and better realizability. PR and MPR can be achieved at multiple frequencies.
Sharp Multiple-Phase Resonances in a Plasmonic Compound Grating
With Multislits Zhimin Liu , 1,2 Enduo Gao, 1 and Fengqi Zhou
Introduction
It is well known that different kinds of plasmon resonances can be found in a nano-structure system. For example, surface plasmon polariton excitations (SPP) [1] - [3] , surface shape resonances (SSR) [4] , phase resonances (PR) [5] - [7] and Fano resonances(FR) [8] are reported in metallic grating and nano-particles structures. Recently, multiple plasmon resonances in a nanochannel [9] , double FR in coupled plasmonic resonator system [10] , multiple FR based on different waveguide modes in a symmetry breaking plasmonic system [11] , in optical metamaterials [12] and coupled plasmonic resonator system [13] have also attracted attention and been reported, and the existence of multiple electromagnetically induced transparencies (EIT)-like spectral responses are demonstrated in graphene metamaterials consisting of a series of self-assembled graphene Fabry-Perot (FP) cavities [14] . The results show that the properties of multiple resonances can be found wide applications in sensors, nonlinear and slow-light devices. In addition, much attention has been paid to PR in compound metallic grating; the dips of PR often appear in the transmission peaks when the fields are anti-phase distributed, which result from phase difference and destructive interference between adjacent slits or structures. The phase resonances promise the potential applications such as selecting output channel and optical switching [7] , tunable antennas, multiwavelength filters and highly sensitive chemical and biological sensors [15] , etc. Many methods are used to construct compound structure in order to achieve the phase resonances. Firstly, most authors design the compound metallic nano-structures from the perspective of different structural parameters. For example, symmetrical cut [16] and asymmetrical cut [5] , bar [17] , bumps [7] , semicircle bumps [18] , relief slit arrays [19] are proposed. The results of the above papers show that the influence of cuts, bars and bumps in the slit on odd and even modes are different, which lead to changes of the slits' effective length and phase difference, so that the dips in transmission spectrum (namely the phase resonances) will arise. Another way to achieve compound metallic nano-structures is to adjust the dielectric environment, and the transmission behaviors can be effectively tailored by filling different dielectric medium in the slits and holes [20] - [22] .
However, multiple phase resonances have been given little consideration up to now. Generally speaking, complex structures of nano-holes and gratings can display novel features, but complex structures cannot be easily constructed and achieved in experiment and device design. The more complex the structures, the harder to design, scan, analyze and work with. Therefore, we want to achieve novel and tunable properties by designing simple and easily realizable structures. In this paper, we investigate phase resonance and Multi-phase-resonant properties in simple and realizable Multi-slits bare gratings with different widths. We found that sharp Multi-phase-resonancedips for each mode in the transmission spectrum are observed and can be effectively tailored only by adjusting the slight difference of the multi-slits' width. In addition, we can realize a flexible control of light spreading through arbitrary slits of the grating; a multi-channel selector is modeled and described based on the field distributions, F-P and phase resonant mechanisms.
Model and Method
A unit cell of a compound metallic grating with three slits (slit 1, 2, 3) is shown in Fig. 1 . Fig. 1(a) is a 3-D structure diagram, and Fig. 1(b) is a two-dimensional structure. The length of the grating and period are fixed h = 1000 nm and p = 600 nm in the whole paper, the reason why we choose the thickness of slit (1 μm) is that we want to discuss the situation of multiple frequencies. It is well known that the larger the slit length compared with the grating period and slit width, the more modes. The widths of slits 1, 2, 3 are tunable denoted by w 1 , w 2 , w 3 , respectively. Slit 2 is located in the central position of the grating; the distances between slit 1 and slit 2, slit 3 and slit 2 are adjustable denoted by L 1 , L 2 , respectively.
For simplicity, the dielectric spacer and the substrate are not taken into account; i.e., they are treated as air, which does not affect the essential feature except for blueshift or redshift and does not lead to any loss of generality in the discussion that follows. The white areas inside the slits are also air, and magenta areas represent metal, respectively, and the metal is chosen to be gold (Au). The optical properties of the gold nanostructure are approximated by the Drude model and the dispersive permittivity of the frequency is defined as
Where ω is the frequency of the incident light, ω p = 1.37 × 10 16 s −1 and γ p = 4.08 × 10 13 s
represent the bulk plasmon frequency and the damping rate which characterizes the absorption loss [23] . The structure's response has been investigated using two-dimensional finite-difference time domain (FDTD) [24] , [25] with the Meep, Meep is a free and open-source software package for simulating electromagnetic systems via the FDTD method, and is an acronym for MIT Electromagnetic Equation Propagation. The boundaries on the top and bottom of the unit cell in Fig. 1 (b) are truncated by periodic boundary conditions (PBC); the boundaries along the x direction are treated by perfectly matched layer. The incident light transmits from the left side of the grating, and spreads through the x direction, which is located 400 nm away from the front of surface. The probe location of transmission spectra is set at 400 nm away from the rear surface of the export, and the probe location of reflection spectra is set at 280 nm away from the front of the grating's surface. The calculated spectra are normalized by the calculation without a metallic structure. Specifically, we calculate the results without a metallic structure firstly, and then the results with a metallic structure are calculated. The probe locations of transmission and reflection spectra are the same. Finally, we get the normalized results by comparing the results of the second calculation with the first calculation. And the absorption spectra are obtained by A = 1 − T − R, where T, R, and A represent the transmittance, reflectance, and absorbance, respectively.
Results and Discussion

Symmetric Slit
Firstly, we discuss the case of w 1 = w 2 = w 3 = 50 nm in order to better understand the transmission property, this means that the three slits' width of the grating are the same. Slit 2 is located in the central position of the grating, and the distances between slit 1, 3 and slit 2 are L 1 = L 2 = 200 nm. Therefore, the fields in all slits are equal taking into account the PBC mentioned earlier when light is incident normally. So the structure is equal to a unit cell of a grating with one slit, just like as the scheme shown in Fig. 2(b) , the length, slit width and period of the grating are h = 1000 nm, w = 50 nm, and p = 200 nm, respectively. We calculate the transmission, reflection, and absorption spectra, which are shown in Fig. 2(a) . The results in Fig. 2 (blue line) shows that the Fig. 3(b) ). Fabry-Pérot-like modes resonant peaks appeared at 1465 nm, 989 nm, 747 nm and 604 nm, according to previously reported results [7] , [26] , which are labeled N = 2, N = 3, N = 4 and N = 5, respectively. Fig. 2(c) show the electric field with two nodes and antinodes for the resonant peak N = 2.
Asymmetric Slit
Next, the results of the metallic gratings with different slit widths or separation distances are discussed. This means that the structure is asymmetrical; we call it a compound grating. Firstly, we fixed L 1 = L 2 = 200 nm and set w 1 = w 2 = 50 nm, w 3 = 70 nm, respectively, which means that the width of two slits is the same and is different from the width of the third slit. The transmission(blue line), reflection(red circle line) spectrums and field distributions are shown in Fig. 3(a)-(d) . In order to express this more clearly, only the resonant modes of N = 2 and N = 3 are shown in Fig. 3(a) , and the wavelength of the spectrum ranges from 800 nm to 2000 nm. The result shows that almost all of the waveguide resonance peaks exhibit sharp dips. Taking mode N = 2 as an example, two transmission peaks (T1 and T2) are located on the sides of the dip (d1), and all of the values of the dips are almost equal to zero. The red circle line in Fig. 3(a) shows that there are strong reflections at the transmission dips, in other words, if this is a transmission dip, light cannot be transmitted, and naturally it shows a strong reflection. These phenomena can be seen more clearly from the field distributions in later paragraphs. We attribute this phenomenon of resonant dips to the phase resonance, which arose from the phase difference at the slits' exits. The physical origin can be explained in terms of phase resonances as follows.
We know that the condition of the F-P can be expressed as k 0 Re(n eff )L FP + arg(ρ) = nπ [7] , which are characterized by constructive interference between all transmitted waves along the slit, so we found that the transmission properties can be adjusted not only by altering L FP , but also by the effective refractive index n eff in the slit. The effective refractive index n eff depends on the slit width strongly, which can be obtained by solving the dispersion equation [27] :
Where w is the width of slit or waveguide, ε d and ε m are permittivities for the dielectric and metal, respectively. For sufficiently small gap widths (w → 0), one can use the approximation tanhx x. The solution of the equation (2) is
Where k 
2 → 0, it can be approximated as follows:
Where k 0 = 2π/λ and k M D M are the wave vectors in free space and MDM waveguide. If the slits are set symmetrically including width and position, the translation invariance can reduce the field degrees of freedom to just like a single slit array. Therefore, the fields in all slits are equal when the light is normal incidence. While if the slits' width are different, the fields inside the slits are not identical, which shows that there exists a phase difference, and it is also understandable that the field's phases in the slits are unequal [6] , [7] . When the phase difference between adjacent slits reached a certain value, an obvious dip resulted from destructive interference between adjacent slits. Now, let us make a comparison between the above results and previously reported paper [7] . We introduced perpendicular bumps and cuts into the slits previously, and found that bumps and cuts only affect one or several modes. Furthermore when the bumps or cuts are located at the center of antinodes, which have the most influence on the modes and the effective length of the F-P cavity. However, the bumps or cuts are not located at the center of the antinodes, which influence modes slightly. In contrast, slit width impacts all modes, so we see that all peaks of modes exhibit dips. The obvious advantage of this method to achieve phase resonance is simple and easily realizable.
In order to understand the dependence of phase resonance on slit's width well, we draw the distributions of electric field |E y | for different wavelengths of T1 (λ 1 = 1517 nm), T2(λ 2 = 1328 nm), d1(λ 3 = 1440 nm), in Fig. 3(b)-(d) , which are labeled in Fig. 3(a) . It is more meaningful that the electric field |E y | for the peak T1 at the longer wavelength of the dip d1 is mainly concentrated on the bottom slit, which is shown in Fig. 3(b) . While for the peak T2 at the shorter wavelength of the dip d1, the electric field |E y | distributes mainly in the upper two slits, which is shown in Fig. 3(c) . Although the electric field |E y | for transmission dip (d1) is propagated into the three slits, the wave cannot propagate over the slits, which shows properties of strong reflection. The strong light field distribution can be seen on the left side of the grating. We consider that the above phenomenon Fig. 3(a) .
is attributed to destructive interference of phase difference between slits. This phenomenon also occurs on the other peaks of resonant modes (not shown here).
The
Case of w 1 = w 2 = w 3 : In the above Section 3.2.1, we show that the dips in transmission spectrum and the phase resonance can be tuned by changing the slit's width. When the widths of three slit are different, that is w 1 = w 2 = w 3 , can the phase resonance be achieved, and will new phenomenon happen?
Secondly, In Fig. 4 (a)-(d) , we plot the transmission (blue line), reflection (red circle line) spectrums and field distributions of Multi-slit gratings with different slit width, the widths of slit 1, 2, 3 are set w 1 = 50 nm,w 2 = 60 nm, w 3 = 70 nm, respectively, and the distances between slit 1, 3 and slit 2 are fixed L 1 = L 2 = 200 nm. As above, only N = 2 and N = 3 resonant modes in the spectrum of the wavelength ranges from 800 nm to 2000 nm are presented in order to show more clearly. We find that almost all the waveguide resonance peaks exhibit sharp dips in the transmission spectrum. It is amazing that there are two sharp dips in each mode, and three transmission peaks (T1, T2 and T3) are located on the sides of the dips (d1 and d2). This phenomenon can be considered to be multiple phase resonance (MPR). Why? Based on the previous analysis, the effective refractive index n eff strongly depends on the slit width. Given that the widths of the three slits are unequal, the effective refractive index n eff of the three slits are different, it is also understandable that the propagated phases and fields of the three slits are dissimilar [5] , [6] , [7] , which leads to twice phase difference for the three slits. When the phase difference between adjacent slits reaches a certain value, which will lead to twice the destructive interference between the three slits, then two obvious dips appear. In accordance with the above results, we can infer that two and three dips can be realized by twice and thrice destructive interference, and so on.
What is the significance and advantage of multiple phase resonance? We also draw the electronic field distributions in Fig. 4(b) -(d) for three transmission peaks (T1, T2 and T3). The wavelengths of three transmission peaks (T1, T2 and T3) are λ = 1545 nm (T1), λ = 1491 nm (T2) and λ = 1328 nm (T3), which are labeled in Fig. 4(a) . It is interesting that the electric field |E y | of resonant peak (T1) is most concentrated on the bottom slit with width w 3 = 70 nm, and the electric field |E y | of the resonant peak (T2) is determined by the middle slit with width w 2 = 60 nm, then the electric field |E y | of the resonant peak (T3) is mainly focused on the top slit with width w 1 = 50 nm. The results confirm that the interference behavior of phase resonances between adjacent slits are able to be modulated by arranging different slit's width, which may bring many new applications. For example, this structure and method of adjusting transmission spectra and fields can be proposed as a new method to achieve channel selecting devices, new types of actively-controlled nano-optic devices, frequency selector or filter, and optical switching, etc.
The Case of L1 ࣔ L2, Which Means Vertical Displacements Between Top, Bottom and Middle Slit Are Different:
In the above Sections 3.2.1 and 3.2.2, we show that the phase resonance can be achieved and adjusted by varying the slit width, but vertical spacing distances between the top, bottom and middle slit are always kept the same. Can phase resonance be achieved only by varying vertical spacing distances between the top, bottom and middle slit for the same slit width? Fig. 5 shows the transmission(blue line), reflection(red circle line) spectrums of Multi-slit grating with different vertical spacing distances L 1 = 150 nm, L 2 = 200 nm between the top, bottom and middle slit, the slit widths are fixed w 1 = w 2 = w 3 = 50 nm. It is surprised to find that phase resonances also occur, and similar to previous results, the dips in the transmission spectrum are very sharp. Let's analyze grating the structure again: in Fig. 1 , the calculated region along the y direction of the unit cell is truncated by PBC, and the grating period is fixed p = 600 nm. Although the three slits are completely the same including width and length, when we set different vertical spacing distances L 1 = L 2 , the translation variance cannot reduce the field degrees of freedom to a single periodic slit array, so phase resonance still appears because this structure is seen as compound metallic grating.
Compared with the conventional plasmonic compound grating, this multi-slit grating with different slit widths has obvious advantages, such as simple structure, single material composition, the simplicity and realizability to design, scan, analyze and work with, also the characteristics can be achieved at multiple frequencies.
Conclusions
In summary, the transmission properties of light through a plasmonic grating with multi-slits are investigated by using the FDTD method. The tunable phase resonant properties can be achieved by designing a simple and realizable plasmonic grating with different widths of multi-slits. Sharp Multi-phase-resonance-dips for each mode in the transmission spectrum are observed and can be effectively tailored only by adjusting the slight difference of the multi-slits' width. We can realize the control of light spreading through an arbitrary grating slit, and a multi-channel selector is modeled and described. Compared with the conventional plasmonic compound grating, this multi-slit grating with different slit widths has obvious advantages, such as simple structure, single material composition, better realizability, and PR and MPR can be achieved at multiple frequencies. We expect that our findings are useful and experimental guidance for the design of optical devices, and contribute to more applications in the future.
